Abstract: This study includes an experimental investigation of the transient movement of water in unsaturated soil layers underlain by a geocomposite drainage layer (GDL) during cycles of infiltration and evaporation. The distribution in volumetric water content with depth in a soil column having a height of 1350 mm underlain by a GDL was measured during transient infiltration. The capillary break effect was observed to affect the soil up to a height of 500 mm above the GDL, with an increase in volumetric water content up to 20% above that expected for the case of infiltration under a unit hydraulic gradient. Due to the long duration of this test (2000 h), a shorter 150 mm high soil column was also evaluated to investigate the soil-GDL hydraulic interaction during cycles of infiltration and evaporation. The capillary break was observed to have re-established itself after infiltration was stopped and the soil near the interface dried. The suction and volumetric water content measured in the soil at breakthrough were consistent after multiple cycles of wetting and drying. The conditions in the soil after each breakthrough event corresponded to the point on the drying-path water retention curve of the nonwoven geotextile where it transitioned from residual to saturated conditions. Key words: geosynthetic capillary barriers, infiltration, unsaturated soils, geotextiles, geocomposites.
Introduction
Geocomposite drainage layers (GDLs) consisting of a geonet sandwiched between two nonwoven geotextiles are often used for leachate collection or leak detection in landfills, slope underdrains, subbase drainage in roadways, and drainage layers in mechanically stabilized earth walls. When water-saturated, the hydraulic conductivity of the nonwoven geotextile component of the geocomposite drainage layer (GDL) is higher than that of most fine-grained soils, in the absence of high normal compressive stresses or particle clogging (Palmeira and Gardoni 2002) . The high hydraulic conductivity of saturated nonwoven geotextiles leads to small head losses during drainage of water from soils. In contrast, when unsaturated, the hydraulic conductivity of geotextiles is often lower than that of most fine-grained soils (Morris 2000; Stormont and Morris 2000) . Also, unsaturated nonwoven geotextiles only retain water by capillarity for values of suction, j, less than 1 kPa (Stormont et al. 1997; Knight and Kotha 2001; Nahlawi et al. 2007) . A particular impact of the low hydraulic conductivity of geotextiles when unsaturated is that they may cause a capillary break effect when in contact with unsaturated soils (Clough and French 1982; Henry 1995) .
The capillary break effect that develops at the interface of soils with different pore structures has been extensively investigated. A capillary break leads to a restriction in water flow from an unsaturated porous medium with relatively small pores into another unsaturated porous medium with relatively large pores. This phenomenon was first observed by Kisch (1959) and subsequently applied in many geotechnical applications (Rasmuson and Eriksson 1987; Nicholson et al. 1989; Barbour 1990; Shackelford et al. 1994; Woysh-ner and Yanful 1995) . The capillary break effect that develops in systems involving geosynthetics (e.g., GDLs) has only been evaluated more recently. Also in this case, the main effect of the capillary break effect on an unsaturated soil-GDL system is that a measurable amount of water will not flow from the soil into the underlying GDL until the suction, j, at their interface is reduced to a critical value referred to as the water-entry or breakthrough suction, j b (Stormont 1995; Bouazza et al. 2006) .
The capillary break effect has been observed to increase the water storage capacity of soils beyond the level that would normally drain under gravity (Stormont and Morris 1998; Khire et al. 2000) . McCartney et al. (2005) observed that the volumetric water content at breakthrough, q b , for a silt-GDL system under steady infiltration was close to the silt's porosity. Furthermore, j b for the silt-GDL system was found to be greater than that for a capillary barrier consisting of a silt-sand system, likely because of the greater porosity of the GDL's nonwoven geotextile compared with that of the sand.
The capillary break effect may have implications on the performance of slopes or walls if a GDL is expected to drain water from unsaturated fill in a similar way as saturated fill (Richardson 1997; Iryo and Rowe 2005) . If a GDL is used as a liquid collection layer in landfill applications, it will only collect water when the overlying soil is nearly saturated, which has implications on the behavior of lysimeters and leak detection layers Zornberg and McCartney 2006) . Conversely, the development of geosynthetic capillary barriers on moisture movement in soils may be useful to reach other engineering goals such as preventing frost heave (Henry and Holtz 2001) , decreasing basal percolation in alternative landfill covers (Park and Fleming 2006; Zornberg and McCartney 2006) , working as oxygen diffusion barriers (Yanful 1993; Bussiere et al. 2003) , and minimizing moisture movement into roadway subgrades (Christopher et al. 2000) .
Despite the wealth of research, there are still several issues that need to be resolved with respect to geosynthetic capillary barriers. Only limited laboratory studies on capillary barriers involving fine-grained soils have been performed due to the significant time requirements, especially for low infiltration rates (Stormont and Anderson 1999; Tami et al. 2004; Bathurst et al. 2007 ). There are several issues that have led to difficulties in the evaluation of field observations of soil layers underlain by geosynthetic capillary barriers. First, geosynthetic capillary barriers have been shown to behave differently from soil-only capillary barriers due to the high porosity of geotextiles (McCartney et al. 2005) as well as the presence of the geonet layer, whose large void space may influence the capillary break effect (McCartney et al. 2008) . Second, methods developed to estimate the zone of influence of capillary barriers (Stormont and Morris 1998; Khire et al. 2000) have not been verified using experimental data for clays of low plasticity due to the significant requirements with respect to the soil column length and testing time. Third, although the capillary barrier is expected to re-establish after j at the interface decreases below j b , the effects of wetting and drying cycles on the redevelopment of the barrier are uncertain. To address these needs, this study uses physical modeling to investigate the zone of influence of the geosynthetic capillary barrier on the volumetric water profile in the soil during infiltration as well as the conditions required for a geosynthetic capillary break effect to re-establish after capillary breakthrough.
Hydraulic characterization of materials
A Fabrinet geocomposite obtained from Gundle/SLT Environmental, Inc. (GSE) of Houston, Tex., was used in the laboratory tests conducted as part of this study. This GDL is composed of a 200-mil (5 mm) geonet sandwiched between two nonwoven geotextiles having a thickness of 2.54 mm each (GSE 2004) . The nonwoven geotextiles have a mass per unit area 0.2 kg/m 2 and a fiber density of 910 kg/m 3 . The porosity of the nonwoven geotextile under no confinement was calculated to be 0.91 using the porosity relationship defined for nonwoven geotextiles in Koerner (2005) . This porosity is higher than that of most soils used in engineering applications (0.3 to 0.5).
The soil used in this study is classified as a low plasticity clay (CL) according to the ''Unified Soil Classification System'' (ASTM 2006) convention. The clay has a specific gravity of 2.7, a plasticity index of 12, and a liquid limit of 27. The clay was prepared in the laboratory using a pneumatic piston compactor, which is intended to replicate the compaction energy associated with hand-held vibratory plate compactors in the field. All soil specimens evaluated in this study were compacted at an optimal gravimetric water content of 11.5% (according to standard Proctor compaction tests (ASTM 2007)).
Water storage in an unsaturated porous medium is quantified by the water retention curve (WRC), which is the relationship between j and q (or degree of saturation S r ) during drying or wetting. The water retention curves (WRCs) for the clay and geotextile of the GDL used in this study are shown in Fig. 1a . A hanging column apparatus (Haines 1930 ) was developed to define the drying-path and wettingpath WRCs for the nonwoven geotextile. The hanging column apparatus used in this study consisted of a Büchner funnel attached to an outflow burette constructed as a constant-head Mariotte bottle, which acted as the high-air entry porous disc (j aev = 20 kPa). Further details of this setup are presented by McCartney et al. (2008) . This setup allows measurement of the outflow volume with time from the geotextile during an applied j increment. The dryingpath WRC data shown in Fig. 1a indicate that the nonwoven geotextile remains at a value of q equal to the porosity until reaching an air-entry suction, j aev , of 0.2 kPa. The geotextile reached residual saturation after applying a j value of 2.0 kPa. Subsequent re-wetting of the geotextile indicates that water re-enters the geotextile at a j value of approximately 0.5 kPa.
A pressure plate device developed based on the design of Wang and Benson (2004) was used to define the drying-path WRC for a clay specimen compacted to a porosity of 0.44. Unlike the geotextile, the soil was observed to show a more gradual decrease in q with increasing j. At a j of 2.0 kPa, the geotextile was at residual saturation while the clay was still at a degree of saturation of approximately 0.95. The pressure plate was not used to determine the wetting curve for the soil, because the particular j from which re-wetting occurs in field applications depends on atmospheric boundary conditions.
The hydraulic conductivity function (k-function) accounts for the change in the ratio between flow rate and total hydraulic gradient with increasing j (or decreasing q). The kfunctions shown in Fig. 1b for the different materials were predicted from the WRCs shown in Fig. 1a using the van Genuchten-Mualem (van Genuchten 1980) model. Measurements of the k-function for unsaturated geotextiles made by Morris (2000) and McCartney et al. (2008) indicate that the van Genuchten-Mualem model yields an acceptable prediction of the k-function shape for geotextiles. The hydraulic conductivity values of saturated soil and nonwoven geotextile specimens were measured using a flexible-wall permeameter. The specimens were back-pressure saturated with tap water as the permeating fluid. An effective stress of 7 kPa was used along with an average hydraulic gradient of 2.0, which are conditions representative of the base of a landfill cover system. The hydraulic conductivity of the geotextile is higher than that of the clay when saturated, but the opposite is true for j values greater than 2 kPa. At residual saturation, the hydraulic conductivity of a nonwoven geotextile predicted from the shape of the WRC using the van Genuchten-Mualem model (van Genuchten 1980) is less than 10 -11 m/s. However, it is unlikely that there are continuous water pathways at residual saturation, so it may suffice to say that the geotextile is practically nonconductive for j values greater than 2 kPa.
The WRCs and k-functions in Figs. 1a and 1b can be used to predict j b and the rate of fluid transport through the soil-GDL system. Analyses of hydraulic interaction between the two materials are founded on the principle of continuity of j at the interface, where j b can be estimated using the WRC of the nonwoven geotextile. Specifically, j b corresponds to the rapid change in slope from residual to saturated conditions of the coarse component of the system (Shackelford et al. 1994 ). This is *1.0 kPa for the nonwoven geotextile. Alternatively, the water-entry suction measured from the wetting curve of the geotextile WRC (0.5 kPa) may also be used as an estimate for j b . It should also be noted that for j values below 1.0 kPa, the k-functions indicate that the hydraulic conductivity of the unsaturated nonwoven geotextile is greater than that of the unsaturated clay.
The value of j b predicted using the approach suggested by Shackelford et al. (1994) was used to predict the volumetric water content of the soil at capillary breakthrough q b , for the situation of a constant infiltration rate. Most analyses of capillary barriers assume an initially unsaturated condition. For example, if the soil and geotextile are initially unsaturated with the same j of 100 kPa, the value of q in the soil will be approximately 15% (a degree of saturation of 0.35), while the value of q in the geotextile will be 0.0 (air dry). During infiltration from the surface of the soil layer, j in the soil will decrease. For the conditions of infiltration at an imposed (constant) flow rate under a unit hydraulic gradient, j in the soil will reach a value in equilibrium with the k-function. For example, steady infiltration at an imposed flow rate of 3.5 Â 10 -9 m/s under a unit gradient corresponds to a j of 24 kPa in the soil, according to its k-function in Fig. 1b . However, this only applies to locations in the soil far from the geosynthetic capillary barrier. For breakthrough to occur, the value of j at the soil-GDL interface must decrease to a value of suction j b of *1 kPa (note j b shown in the geotextile WRC in Fig. 1a ). The WRC of the CL clay indicates that this value of suction corresponds to a value q b of 43% (a degree of saturation of 0.95).
As a follow-up to the discussion in the previous paragraph, a schematic of the j profile at capillary breakthrough during steady-state infiltration is shown in Fig. 2a . The zone of influence of the capillary break depends on the breakthrough suction and the WRC of the soil overlying the GDL. A schematic of the q distribution in a soil column at capillary breakthrough during steady-state infiltration is shown in Fig. 2b . Although the schematic illustration of q shown in Fig. 2b is based on the assumption of a rate of in- filtration less than the saturated hydraulic conductivity of the soil, the water storage in the CL clay layer above the capillary barrier is actually sensitive to the rate of infiltration (Choo and Yanful 2000) . A special case would be the situation in which the infiltration rate is high enough to cause surface ponding. Bathurst et al. (2007 Bathurst et al. ( , 2009 ) performed infiltration tests on soil-GDL profiles in which infiltration was imposed by ponding water on the soil surface, and found that capillary breakthrough occurred when the wetting front (with a j value of approximately 0.0 kPa) reached the geosynthetic interface. This finding implies that an increase in q will not be observed in any soil due to the capillary break effect for infiltration under ponding conditions. Siemens and Bathurst (2010) validated their experimental observa- tions with numerical modeling of water flow using the hydraulic properties of the soil and GDL.
Laboratory testing program

Soil columns
Two soil columns were prepared in 203 mm diameter cylindrical polyvinyl chloride (PVC) tubes having a wall thickness of 12 mm. Tensioned steel wires were used to stabilize the column atop a Plexiglas outflow disc, which was supported by a wooden shelf. Column A was a 1350 mm thick clay layer compacted atop a GDL, which was underlain by a 100 mm thick layer of gravel. A schematic and picture of this column are shown in Fig. 3 . The thickness of the clay layer in this column was selected to capture the expected zone of influence of the capillary barrier on the q profile. Column B was a 125 mm thick clay layer compacted atop a GDL. A schematic and picture of this column are shown in Fig. 4 . The thickness of the soil layer was selected to expedite the investigation of the influence of wet-dry cycles on capillary break formation.
The soil was placed into the columns in 25 mm lifts using a piston compactor. A thin film of vacuum grease was applied to the walls of the column before compaction to minimize side-wall leakage during infiltration and to reduce friction in case of volumetric changes in the soil. The porosity of the clay was 0.44 in column B and 0.49 in column A (corresponding approximately to a dry density equal to 70% of the maximum standard Proctor dry density). Despite a small difference in porosity, the results obtained from column A were expected to yield useful results to evaluate the impact of the geosynthetic capillary barrier on the water storage in the overlying soil column.
Inflow control and outflow measurement
The goal of the column flow tests conducted as part of this study was to permit free drainage of water through the unsaturated soil-GDL system. Consequently, the column was designed so that: (i) known water flow rates could be applied to the top of the soil; (ii) the bottom boundary would not provide impedance to water flow that exits from the base of the GDL; and (iii) air would be free to move from the soil surface or from the bottom of the GDL. These characteristics were different in other column tests reported in the literature, in which the water pressure was controlled at the upper and lower boundaries (i.e., constant head tests; Bathurst et al. 2007 Bathurst et al. , 2009 . To ensure that the bottom boundary of the column was free-draining, a honeycomb pattern of 1 mm diameter holes were drilled across the area of the plexiglas disc (Fig. 5a ). An ''O''-ring in a groove within the bottom edge of the PVC tube was used to prevent water from escaping from the interface between the PVC tube and the Plexiglas disc. The Plexiglas disc was supported atop a wooden shelf. Outflow from the holes in the Plexiglas disc was channeled into an aluminum funnel mounted directly below the Plexiglas disc, within a hole in the wooden shelf.
During infiltration, water was supplied to the soil surface using a peristaltic pump (Fig. 5b) . Water from the peristaltic pump was supplied to an overflow cup, and was distributed to the soil surface using a network of cotton fiber wicks (Fig. 5d) . This approach was found to provide uniform infiltration of water into the soil at a discharge velocity less than the hydraulic conductivity of the saturated clay. The outflow volume with time was measured using a tipping bucket rain gauge mounted below the funnel (Fig. 5c ). This setup offers more control of the water flow processes in unsaturated soil layers than applying water to the soil by surface ponding (e.g., Bathurst et al. 2007) .
During evaporation, an infrared lamp and fan were used to induce drying from the soil surface (Fig. 6b) . This approach was not intended to replicate the actual energy supplied to the soil surface in the field to cause evaporation. Instead, this approach was used to provide a simple yet controlled means of inducing drying of the soil. A sheet of fiberglass insulation with a hole having the same diameter as the column was placed on top of the column to minimize heating of the column sides.
Instrumentation
The profiles of q in the soil columns were monitored during infiltration and evaporation using time domain reflectometry (TDR) and capacitance probes. A MiniTRASE TDR system developed by SoilMoisture, Inc., Santa Barbara, Calif., was used in the monitoring system of column A (Fig.  7a) , while ECH 2 0-TE capacitance probes developed by Decagon Devices, Inc., Pullman, Wash., were used in the monitoring system of column B (Fig. 7b) . Thermocouples embedded in the ECH 2 0-TE probes were also used to measure the temperature profile within the soil column during evaporation. In both columns the water content sensors were placed in the middle of the soil lifts during compaction, and a rubber stopper was used to provide a seal between the sensor wire and ports in the column. The calibration relationships for these sensors are given by McCartney (2007) .
Matric suction was measured in column B using flushing tensiometers that were specifically developed for this study. A schematic of the tensiometer is shown in Fig. 8a . A miniature pore pressure transducer (Druck PDCR-81) was used to monitor changes in pressure inside a water reservoir that was in direct contact with the soil via a ceramic stone having a high j aev (Ridley and Burland 1996) . As the soil dried, water was drawn out of the reservoir through the ceramic stone by capillarity, resulting in negative water pressure within the reservoir. The flushing ports aided in both facilitating initial saturation of the ceramic stone and in the removal of air bubbles in case of cavitation. The tensiometers were initially saturated by applying cycles of pressure (300 kPa) and high vacuum (-85 kPa) to a pressure reservoir shown in Fig. 8b . The tensiometers were considered saturated when the hydraulic conductivity of the porous ceramic stabilized after conducting successive pressure-vacuum cycles. The maximum j value measured using the tensiometer in this study was approximately 150 kPa, and cavitation was not noted during the infiltration and evaporation stages of this test. The tensiometers were screwed into the side wall of the PVC tube after compaction (as shown in Fig. 8c ), which permitted intimate contact with the soil. More details of the tensiometers are given in McCartney (2007).
Experimental procedures
The geometry, soil conditions, stage duration, and boundary conditions for both soil columns are summarized in Table 1. The stage names include the cycle number and the stage type (''i'' for infiltration or ''e'' for evaporation). The infiltration stages involved imposing a steady flow rate of an order of magnitude smaller than the saturated hydraulic conductivity of the clay, measuring the changes in q and j with time as the wetting front progressed through the soil. An infiltration stage was completed when the outflow was the same as the inflow. The soil surface was covered during infiltration to maintain a constant relative humidity (*96%) in the air overlying the soil. The evaporation stages involved measurement of the surface temperature and relative humidity as well as profiles of temperature, T, q, and j.
Column test results
Column A
The inflow and outflow data for column A during the infiltration and evaporation stages are shown in Fig. 9a . The slope of the relationship between the volume of inflow with time, divided by the area of the soil column, corresponds to the infiltration rate. The progress of the wetting front during the two infiltration stages, shown in Fig. 9b , indicates that the wetting front during stage 1(i) reached the base of the profile after approximately 1400 h from the start of infiltration. However, outflow was not collected until 1874 h. Consequently, the water that infiltrated into the soil from 1400 to 1874 h (an interval of 474 h) was stored within the soil. Less time was required for the wetting front to pass through the soil layer during infiltration stage 2(i) because the soil layer did not return to its original value of q after evaporation stage 1(e). In addition to the more rapid progress of the wetting front through the soil layer during stage 2(i), breakthrough was observed after an interval of only 107 h (at a time of 5691 h) after the wetting front reached the base (at a time of 5584 h). Stage 2(i) was shorter than stage 1(i) because the soil was wetter near the base of the profile before infiltration was re-started in this stage.
The time series of q shown in Fig. 9c provides insight into the reasons for the time delay between the arrival of the wetting front to the base of the column and the initiation of outflow during stage 1(i). As the wetting front passed the depths of each to the TDR waveguides, an increase in q from 13.8% to *24% was noted. A q of 24% corresponds to the value of q expected during infiltration under a unit hydraulic gradient at a rate equal to 3.4 Â 10 -9 m/s. After the wetting front reached the base of the profile, an increase in q from 24% to 46% was measured by TDR 4 near the base of the profile (an elevation z = 50 mm measured from the column base). TDR 3 (z = 250 mm) and TDR 2 (z = 500 mm) also showed increases in q, while TDR 1 (z = 1250 mm) did not show an increase in q beyond approximately 24%.
The q profiles during stage 1(i), shown in Fig. 9d , indicate that the soil within 500 mm of the base of the profile experienced an increase in q beyond that expected during steady downward infiltration through the soil layer alone (e.g., had the GDL not been present). Consistent with the value of q corresponding to the j b value estimated from the hydraulic properties for the soil (Fig. 1) , outflow was not observed to occur until the base of the soil layer reached a q of 46% (S r of 0.93). The shapes of the profiles of q measured in column A for stage 1(i) are similar to those reported by McCartney and Zornberg (2004) for an unsaturated soil layer underlain by a GDL used as a lysimeter.
During the first evaporation stage 1(e) (t = 3100 h), the value of q near the surface of the profile (z = 1250 mm) decreased from 24% to 20% during the first 100 h of evaporation, followed by a more gradual decrease to 16% over 3 months. Slight decreases in q were also noted at the depths of the other TDR waveguides during this stage, although these trends were probably due to gravity drainage, not evaporation. A delay in the decrease in q was measured by the TDR waveguide near the base of the profile (z = 50 mm), which is likely due to a time-dependent decrease in the hydraulic conductivity of the geotextile as the j at the interface increased. The value of q near the soil-geosynthetic interface eventually leveled off at 42%, likely due to reformation of the capillary break, which prevented further drainage of water from the soil. Measurements of gravimetric water content conducted by extracting soil from sampling ports indicated that the drying front progressed only 700 mm into the soil layer (i.e., z = 650 mm) during the 3 month long stage 1(e). The second cycle of infiltration (stage 2(i)) still led to an increase in q at the base of the profile, from 42% to 45% before capillary breakthrough occurred, providing further evidence that the capillary break was re-established during the evaporation state 1(e). As the profile did not dry to its previous value of q, the wetting front was observed to move about five times faster during stage 2(i).
Column B
The inflow and outflow into column B are shown in Fig. 10a . Three infiltration stages were conducted, with intermediate evaporation stages. The infiltration stages were terminated when steady-state flow was observed, while the durations of the evaporation stages were varied to evaluate the impact of the amount of water removal on the behavior of the capillary barrier. The changes in temperature and relative humidity at the surface of the soil layer are shown in Fig. 10b , and changes in temperature at the elevations of the various capacitance sensors are shown in Fig. 10c . The infrared lamp led to an increase in surface temperature from 23 to 44 8C and a decrease in surface relative humidity from 96% to 13%. A relative humidity of 13% under a temperature of 44 8C corresponds to a steady-state suction boundary condition. The temperature in the soil increased significantly during early stages of evaporation, but reached steady-state conditions after 40 h of evaporation.
The bottom boundary (i.e., the GDL) had a significant effect on the profiles of q and j in the soil due to the short length of the column. Based on the results from column A, a soil region of up to 500 mm of soil was expected to be affected by the capillary barrier. However, column B was only 125 mm thick. Regardless, this profile is particularly useful to evaluate the conditions near the soil-geosynthetic interface during infiltration. The j time series for tensiometers located at elevations of 50 and 100 mm from the base are shown in Fig. 11a . The lower tensiometer at an elevation of 50 mm was assumed to be representative of j at the interface. The tensiometers were still reaching equilibrium with an initial value of j in the soil after *25-45 h when the infiltration front passed their locations during stage 1(i). Nonetheless, the tensiometers showed a smooth decrease in j as the wetting front passed their locations. The times at which outflow was observed from the base of the column (i.e., capillary breakthrough) during each infiltration stage are shown by bold arrows in Fig. 11a . In stage 1(i), breakthrough occurred after 104 h when j in the soil at an elevation of 50 mm above the GDL reached 3.64 kPa. Consistent with the schematic j profile illustrated in Fig. 2a , the value of j b was estimated as the measured j value at a height of 50 mm above the GDL, corrected by decreasing the elevation head of the tensiometers above the GDL. While an approximation, this correction considering a quasi-hydrostatic condition is deemed appropriate as the location of the GDL can be considered as a no-flow boundary until the moment of breakthrough. Accordingly, the value of j b is 0.5 kPa lower than the measured value, or *3.0 kPa. After breakthrough, the tensiometers showed a continued decrease in j, likely due to the development of a j profile corresponding to steady-state flow with a nearly saturated bottom boundary. The time series of q for sensors at elevations of z = 50 and 100 mm from the base are shown in Fig. 11b . In general, the trends in q measured using the capacitance sensors are consistent with the trends in j measured using the tensiometers. The value of q at the wetting front is indicated by point A in Fig. 11b , which corresponds to the first plateau in q after infiltration has started. The value of q at the wetting front was approximately 24% for each infiltration stage. The upper portion of the column did not remain at the q of the wetting front due to the shorter height of this column. Instead, the value of q throughout the soil layer increased due to the accumulation of water above the GDL induced by the capillary break. Capillary breakthrough occurred when the sensor at z = 50 mm reached a q of 40%, slightly after the second plateau in q (point B in Fig. 11b ). The value of q at this point continued to increase up to 43% after outflow started, indicating development of a profile of q that was in equilibrium for the imposed infiltration rate.
After reaching steady-state outflow, inflow was stopped and the evaporation system was used to start surface evaporation. During the first 20 h of stage 1(e), a significant decrease in q (from 43% to 25%) was observed. A less pronounced decrease in q (from 25% to 21%) was observed over the next 80 h of drying. The imposed boundary condition resulted in a gradient in q (and j) across the specimen. After the initial rapid decrease in q, drying continued at a slower rate, probably because the thermal conductivity and hydraulic conductivity of the surface layer of soil decreased as the soil reached lower values of q. Desiccation was not observed during evaporation, so water did not exit from deeper in the soil layer by mechanisms other than diffusive flow through the unsaturated surface crust.
The values of q and j in the lower section of the profile did not return to their original values after the evaporation phase, but the value of j remained above the value expected for capillary breakthrough. Accordingly, after subsequent wetting of the profile in stage 2(i), the values of q and j at capillary breakthrough were similar to the values observed during stage 1(i). This indicates that as long as the value of j at the soil-geosynthetic interface decreases below j b during evaporation, the capillary break effect is expected to develop during subsequent infiltration. To evaluate the impact of additional drying of the soil layer, evaporation stage 2(e) was conducted during a period 75% longer than the previous cycle. Other than delaying the time for breakthrough to occur in the third infiltration stage, the amount of water removal had no impact on the performance of the capillary barrier, and the values of q and j measured at breakthrough at infiltration stage 3(i) were similar to those observed in the earlier stages. The elevated temperature was found to impact the magnitude of q and j measured using the tensiometer and capacitance sensors, respectively, by *5%. However, as the main objective of column B was to assess the values of q and j at capillary breakthrough during infiltration, the impact of temperature on the values of q and j during evaporation was deemed acceptable.
Discussion of results
The results obtained during the infiltration and evaporation stages of profiles A and B are summarized in Table 2 . The speed of the wetting fronts tended to increase with each cycle because q did not return to its initial value at the end of each evaporation stage. Similar observations can be made regarding the time required to reach steady-state infiltration. The speed of the evaporation front was calculated from the difference in times between responses of the capacitance sensors to the imposed evaporation. The calculated speeds were similar for the two evaporation stages.
The values of q and j at the infiltration front (24% and 25 kPa, respectively) are similar for columns A and B as the inflow rates used are similar, and because the difference in hydraulic properties for the soils with different porosities are likely similar at higher j values (McCartney 2007) . Also, breakthrough for each wet-dry cycle occurred at a similar degree of saturation in both profiles (0.91). The j value measured at breakthrough from column B (3.1 kPa) is on the same order of magnitude as the estimated value predicted from the drying WRC for the geotextile (1.0 kPa).
The transient WRCs during the first two wetting and drying cycles obtained from the capacitance sensor and tensiometer data are shown in Figs. 12a and 12b . Similar transient WRCs were observed for both cycles. The wetting and drying paths are scanning curves, which follow the shape of the drying-path WRC for the clay, indicating that the drying WRC for the soil provides a good estimate of the value of q in the soil at capillary breakthrough. The differences between the drying WRC and the in situ WRCs may possibly be due to the differences in the water flow processes. The drying WRC was defined using axis translation and transient flow toward equilibrium conditions, while the in situ WRCs were defined by infiltration. The flow processes may have occurred through different pores in the soil layer. Only minor hysteresis is observed in the transient WRCs. The only exception is the data from the sensors at z = 100 mm in cycle 1, although the differences are likely due to variability in the tensiometer measurements near saturation. Less hysteresis is observed in cycle 2 than in cycle 1.
The left-most point on the WRCs in Figs. 12a and 12b defined using the sensors at z = 50 mm correspond approximately to the conditions during capillary breakthrough (i.e., without considering the difference in elevation head). The drying curves from both cycles with the estimated and actual j b values (adjusted for elevation head) are shown in Fig. 12c . The differences between these values could be due to intrusion of soil particles into the geotextile during compaction, compression of the geotextile or impact of the underlying geonet on flow out of the geotextile after water has broken through from the soil. With respect to the last possibility, a capillary break would be expected to occur between the geotextile and the geonet. However this interface is considered a relatively ''brittle'' capillary barrier because of the small thickness of the geotextile and the high hydraulic conductivity of the geotextile once water has broken through from the soil. Nonetheless, the results in Fig. 12c indicate that the drying-path WRC for the geotextile can be used to estimate the j b for unsaturated soil-geosynthetic systems. The suitability of the drying curves in predicting the hydraulic interaction between unsaturated soils and geosynthetics has practical implications, as these curves are generally the most common unsaturated properties measured in geotechnical practice. Also, these curves are straightforward to obtain without the need for instrumentation or expensive equipment.
Conclusions
This study includes an experimental evaluation of water flow processes in unsaturated soil layers underlain by geosynthetic capillary barriers. Specifically, controlled infiltration and evaporation tests were performed on two soil columns having different thicknesses to evaluate the zone of influence of the capillary break effect on the volumetric water content profile and the impact of wetting and drying on the suction and volumetric water content at capillary breakthrough. Specific conclusions drawn from this study include the following:
For the case of steady infiltration into an initially unsaturated soil at an imposed infiltration rate below the saturated hydraulic conductivity, the capillary barrier was found to lead to q values in a zone above the GDL (500 mm for the low-plasticity clay evaluated in this study) that are higher than the values corresponding to infiltration under a unit hydraulic gradient. Evaporation induced using heat lamps after the initial in- filtration stage was observed not to lead to a significant decrease in soil q beyond a certain depth under the soil surface (600 mm in this study). Drainage of water from the base of the columns was observed to occur at a decreasing rate until the capillary break was re-established at a q close to that observed at breakthrough (approximately 42% or S r = 0.85 in this study). Re-establishment of the capillary break was observed to rely only on a decrease in j at the interface to values beyond j b . However, the rate at which the wetting front moves through the soil during subsequent infiltration stages was found to increase. Furthermore, the amount of time required before capillary breakthrough occurred during this infiltration stage was found to decrease during the subsequent infiltration stages. This was because the amount of water in the soil did not decrease significantly during the evaporation stages.
After repeated wet-dry cycles, capillary breakthrough was observed to occur at the same j and q values in the test columns. For both the soil and geosynthetic, the drying-path water retention curve provides a good basis to assess the hydraulic interaction between the soil and geosynthetic, even for infiltration processes. The j value measured at breakthrough was found to correspond to the value of j at the transition from residual to saturated conditions in the drainage water retention curves for the nonwoven geotextile. Similarly, the water retention curve for the soil was observed to provide a good indication of the degree of saturation in the soil at capillary breakthrough. Specifically, the WRCs were used to estimate that capillary breakthrough would occur at a degree of saturation in the soil of 0.95, while the column test indicated that breakthrough occurred at a degree of saturation in the soil of 0.91. Theoretical approaches to define the zone of influence of the geosynthetic capillary barrier on the q profile in an overlying soil layer match well with observations from the column tests.
